The potential for efficient production of hydrogen-rich gas from hydrocarbon fuels using thermal plasmas has been investigated. Hydrogen and synthesis gas (a mixture of H, and CO) can be produced from various hydrocarbon fuels via partial oxidation. An experimental reformer has been constructed that uses a rotated electrical arc plasma as a source of high temperatures and radicals to drive the partial oxidation reaction. This method has the advantages of rapid startup, small reactor size and short response times to changes in fuel flow rate, since it lacks the thermal inertia present in many catalytic systems. Initial experimental results show that nearly complete conversion of methane to a hydrogen-rich mixture can be accomplished with an energy input of 20.3 MJ per kilogram of synthesis gas produced, at residence times of less than 50 ms. A reformer of this type is ideally suited to application as part of an integrated power system where load following is required, such as fuel cell systems for transportation.
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INTRODU CTl ON
Some of the most important goals to be met in the design of future energy and power systems are decreased use of fossil fuels, higher overall efficiencies and reduced emissions of harmful chemicals. These changes are likely to be accompanied by a shift in fuel infrastructure away from gasoline and diesel towards alcohols and hydrogen-rich gases, which are more versatile and cleaner than today's common fuels.
Fuel reforming, the chemical conversion of one type of fuel molecule into others, may be an extremely important part of future energy and power systems; reforming is also certain to be a key technology for the transitional period between current and future fuel infrastructures, since a variety of input fuels may be reformed to produce very similar output compositions. The development of compact, efficient reformers that can be directly integrated into fuel supply systems has several possible advantages:
Power devices that have intrinsic fuel restrictions, such as fuel cells, can be brought into use within the current fuel infrastructure.
The effect of changes in fuel supply composition on existing vehicles and power plants can be mitigated. Both existing and future power plants can be operated with greater fuel flexibility, allowing for potential emissions reductions at a slight cost in efficiency and complexity. This paper describes the development of a non-catalytic partial oxidation reformer capable of addressing the needs listed above. The specific goal of this system ' IS to produce hydrogen or hydrogen-rich gases from hydrocarbon fuels. The experimental unit uses a low-power (less than 2 kW) thermal plasma to accelerate the partial oxidation reactions, allowing for rapid progress towards equilibrium while retaining the input fuel flexibility that is associated with thermal methods.
A brief discussion of current methods of hydrogen production is included below to highlight the weak areas of today's technology that we seek to address. This is followed, by a consideration of the thermodynamics of the reforming process and the implications that this has for reformer design. Lastly, the results of initial experiments on the developmental plasma reformer system using methane as a feedstock are reported and discussed.
Hvdroaen Production from Hvdrocarbon Fuels
The methods for hydrogen production from hydrocarbon fuels in the gas industry fall into three major classifications: thermal decomposition, steam reforming and partial oxidation, Most hydrogen and synthesis gas (a mixture of mostly H, and CO) production units currently in operation can be described by one or a combination of these three processes. Overviews of commercial applications are available in the literature (Vorum, 1965; Cox, 1977) ; a brief discussion of the major features of the three routes will be given here.
Thermal Decom Position. Thermal decomposition, also termed cracking or pyrolysis, is the breakdown of hydrocarbon molecules by extreme heating The major reactions involved are of the type These reactions are highly endothermic, resulting in extremely long reaction timescales at normal process temperatures; typical timescales for thermal decomposition of butane range from tens to hundreds of seconds at 800 -1000 K (Nelson, 1940) In order to overcome this limitation, plasma reactors have been employed in several contexts (Kaske, 1986 , Beiers, 1988 Another method for accelerating thermal decomposition is to add water or oxygen to the feed gas (oxidative pyrolysis), which allows a small amount of steam reforming, partial oxidation or combustion and hence increases the rate of the overall process through higher mean temperatures (Choudhary, 1991) While thermal decomposition has the advantage of relative simplicity and is adaptable to a wide range of input fuels, it requires very high energy densities and produces large amounts of soot and other heavy hydrocarbon byproducts which, although they are often valuable in themselves, create problems of separation in integrated power systems C,H,,,+, -+ nC + (n+l)H, Steam Reformina. Steam reforming of hydrocarbons is a very common industrial process.
Many reactions are involved due to the presence of oxygen in the system, but the overall chemical transformations can be described in general C,,H,,,, + nH,O + nCO + (2n+l)H, C,,H,,,+, + 2nH,O + nCO, + (3n+l)H, These reactions are also highly endothermic, so steam reforming is usually performed with the aid of a catalyst and at high temperatures. The introduction of the catalyst creates problems of cost, catalyst poisoning (for example, by sulfur in the feedstock), and heat transfer to the catalyst material (Cox, 1977) . Catalysts are also in general very fuel-specific, thus limiting the applicability of reformers based on catalyzed reactions. Desplte these difficulties, steam reforming has the advantages of inexpensive feed components and the potential for high hydrogen yields (hydrogen is extracted not only from the input fuel, but from the water as well).
by 961 82 oxygen (0:C = 1:1), leading to H, and CO as the major products. The overall stoichiometry is as follows:
The actual reaction process is more complicated; it consists of initial rapid combustion of the fuel until the oxygen i s consumed, followed by slower reforming of the resulting mixture to H, and CO (similar to steam reforming). It is the only exothermic reaction of the group. Hence, unlike the endothermic processes described above, the energy input required to drive this reaction does not increase proportionally to the throughput. In fact, the reaction may be self-sustaining under certain circumstances, allowing for high degrees of conversion at minimal energy costs. As with the previous two methods, it requires high operating temperatures, but the reaction timescales are considerably smaller. A disadvantage of partial oxidation is the need for oxygen as a feed component; this adds to the cost of the process, either through greater heat input to attain a given reactor temperature with air addition, or through the cost of supplying pure oxygen. Partial oxidation is carried out both in catalytic and hightemperature non-catalytic systems.
Partial oxidation is the method considered in this work; this is due to its advantages of extremely high achievable efficiencies (availability out/availability in up to 97 percent), low levels of soot and heavy hydrocarbon byproducts, and short timescales relative to the other methods (Vorum, 1965) . A brief overview of current partial oxidation processes will provide a basis for comparison with the methods discussed in the following sections.
Previous Work in Partial Oxidation.
Relatively few experimental studies of non-catalytic partial oxidation are available in the open literature, since most recent work has been focused on catalytic methods. Experimental data is available from early industrial plants (Mungen, 1951) . Over 80 percent conversion of input fuel hydrogen to molecular hydrogen has been achieved by adding slight amounts of excess oxygen to increase the process temperature (Eastman, 1956) . However, these industrial plants operate with long residence times and warmup times on the order of hours.
In contrast to thermal methods, catalytic partial oxidation of hydrocarbons has been the focus of considerable work, largely due to its applications to the upgrading of natural gas. A recent review on this topic (Mackie, 1991) emphasized the importance of gas-phase reactions to the kinetics of catalyzed reforming, suggesting that the catalyst acts mainly as a source of reactive species to accelerate gas-phase reaction mechanisms. While residence and startup times of catalytic partial oxidation are better than current thermal methods, they still fall short of the ideals for integrated reformers. For the partial oxidation of methane over rare earth oxide catalysts, timescales of 15 to 20 seconds are required for complete methane consumption at reacting temperatures of 800 to 900 K (Koranne, 1993) . Output H,/CO, ratios are as high as 1.3 (stoichiometric partial oxidation gives an HJCO, ratio of 2), Partial Oxidation. Partial oxidation is of a very different character than the former two processes. It consists of the reaction of a hydrocarbon fuel with a small amount of with the remaining hydrogen generally appearing in the 961 82 byproducts formaldehyde, ethane and water (Koranne, 1993; Matsumura, 1994) . Mitchell et al. (1995) have recently developed a partially catalytic reformer operating at lower residence times, intended for load-following applications. Using ethanol fuel, up t o approximately 70 % conversion of fuel hydrogen to molecular hydrogen was achieved at residence times of greater than 100 ms and reactor operating temperatures of about 1400 K.
THERMODYNAMICS OF FUEL REFORMING
A consideration of the basic thermodynamics of the reforming process helps to identify some of the key features of the reaction process. Given that the output of the reformer will be used as a fuel by some later process, it is important to ensure that the availability of the output mixture is as close as possible to that of the input if efficient operation is to be achieved. In general, the most important contributions to the output availability will be the chemical energy of the output fuel molecules and the thermal energy of the output mixture. The input availability will consist of the availability of the initial fuel (assumed to be at ambient temperature) along with any net work done on the system during reforming (such as the electrical work input from the plasmatron in this case). Thus, we can define the efficiency of reforming as
where @, ( , is the availability of the reformed mixture with respect to "products", @, (, the availability of the input fuel with respect to "products", and W is the net work done by the mixture during reforming.
For an exergonic reaction such as partial oxidation, the implications of this definition of efficiency are the following:
At a work input of zero, an optimum efficiency of E < 1 will be achieved (the output availability must be lower that input availability for a spontaneous process).
In principle, the work "input" can be negative (W > 0), corresponding to net work being done by the reacting system.
As W decreases below zero, E will decrease, whereas the kinetics of the reactions will be accelerated, leading to a tradeoff between degree of conversion and process efficiency. For exothermic reactions, energy recovery may be utilized to drive the reaction to equilibrium more quickly for a given W.
* EXPERIMENTAL APPARATUS T -
A schematic diagram of the plasmatron used for the experiments discussed herein is shown in Figure 1 The plasmatron itself consists of a commercial cathode, also from the plasma cutting system, a water-cooled anode and an insulator. The cathode is a steel rod with a zirconium insert at the tip (Thermal Dynamics 5-0250); curved channels are carved into the tip of the rod in order to induce swirl in the working gas. The copper anode is cooled by water flow through four channels approximately 1 mm in diameter; a large central channel (approximately 4 mm diameter) carries the gas flows.
A step in the diameter of the central channiel creates a recirculation zone that stabilizes the arc length. The gap between cathode and anode is maintained by an insulator. When the radiofrequency voltage oscillation is imposed between the cathode and anode, the arc ignites at the point of smallest separation between the electrodes; the stream of ionized gas is then carried out past the step in thle channel by the flow of the working gas. Once the arc is established, it i s driven by a DC current from the power supply. The swirl of the flow causes the root of the arc to rotate rapidly on the anode surface, thus preventing damage to the materials firom the high energy densities in the arc and decreasing heat loss rates. The gas in the arc is in a thermal plasma state, with both ionization temperatures and thermal temperatures on the order of 10,000 K. The timescale for arc ignition is 'less than one second over the full range of operating conditions. Reactants are injected at two ports located at 180 degrees to each other in the central channel just downstream of the arc root. Independent variation of the air-to-fuel ratio, gas heating rate and plasma characteristics is possible through different flow configurations.
The plasmatron operates at powers of 1 to 2 kW, with air flow rates around 0.5 g/s. Gas flow at the plasmatron outlet i s transitional, with Re = 2600.
Calculated output gas temperatures range from 1000 K to over 4000 K. Figure 3 indicates the arrangement of the gas chromatography diagnostic system for species concentrations. The gas chromatograph used (MTI model M200) contains two columns, each with a thermal conductivity detector (TCD). The first column is a Molecular Sieve 5A PLOT using argon at 25 psi as the carrier gas, and is capable of separating H,, 0,, N,, CO and CH,. The second column, a PoraPLOT U, uses helium at 25 psi as the carrier gas and can resolve composite air, CH,, CO,, and some higher hydrocarbons, notably acetylene (CzHz), ethylene (C,H,) and propane (C,H,). Gas samples are provided directly from the reactor by means of a water-cooled sampling probe, shown schematically in Figure 3 (Solomon, 1987) . Figure 4 shows a schematic of the system. The apparatus is based on a Nicolet Magna-IR 550 spectrometer with DGTS-A and liquid nitrogen cooled MCT-A detectors. This unit has been modified so as to pass the source radiation through an external reactor before it reaches the detector. The cylindrical reactor is water-cooled to stabilize the wall temperature; an uncooled or heated reactor could be substituted to decrease heat losses. The aperture allows optical access to a section of the cylindrical reactor 3.5 cm in length; the entire width of the reactor can be observed. The optics associated with this reactor allow the infrared beam to be located at any axial and radial position within the optically accessible area; the beam position can be moved at any time during an experiment. Spatial resolution is adjustable by means of an iris, at the expense of signal throughput.
EXHAUST
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Species concentrations are measured by the integrated area under absorption peaks, which is calibrated with samples of known concentrations. Temperatures are calculated from the rotational state distribution, which can be determined from the spectrum by a Boltzmann plot method. Figure 4 . in-situ FT-IR diagnostic apparatus.
INTERFEROMETER
EXPERIMENTAL RESULTS
Initial experiments have been carried out with the apparatus described above, using methane as a feedstock, in order t o determine the feasibility of low-power plasma reforming, and to begin to characterize residence times, response times, and reforming efficiencies. Industrial-grade air was used as the working gas in all experiments.
Plasmatron Performance
The plasmatron and reactor system are designed for ease of experimentation, and do not yet represent an optimized design. However, the gas heating efficiencies and residence times give an indication of the lower limits on the performance of an optimized plasma reformer.
Gas Heatina Efficiencv. Figure 5 shows the gas heating efficiency of the research plasmatron (i.e. percent of the input power reaching the gas stream, based on the measured power input and heat losses) as a function of air flow rate and arc current. Much higher efficiencies are achievable; an alternate plasmatron has been constructed that has an efficiency range from 70 to 83 percent. Figure 6 shows the power input to the gas stream as a function of air flow rate. 
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Characteristic Times. Residence times in the reactor volume (0.1 L) have been calculated to be less than 50 ms for all results presented below. Response times to changes i n reactant flow rates or arc current are of the same order of magnitude.
Percent Conversion and Reformina Eifficiencv
There are two major effects to be considered in the initial experimental results; these are the equivalence ratio of the input fuel/air mixture and the energy input per unit fuel mass. The air-to-fuel equivalence ratio is defined as a = yCH4 (y ) Equivalence Ratio E f f e c t s . The measured output species concentrations may easily be understood in light of the two-step partial oxidation mechanism described above. Final concentrations of those species that are produced rapidly in the first step are controlled mostly by the iinput mixture composition, whereas species produced in the slower second phase of the reaction mechanism are strongly dependent on the energy input (i.e. total mixture enthalpy or reaction temperature). Figure 9 . Output H, and CO levels versus energy input.
DlSCUSSlON
0
The experimental results can be summarized as follows: It is possible to drive the partial oxidation of methane with air on short timescales (-50 ms) using low-power (1.5 kW) thermal plasmas. The reformer is capable of rapid startup and fast response times to changes in flow rates. Under the conditions investigated to date (residence times less than 30 ms and energy inputs less than 25 MJ/kg CH,) , conversion of the input methane to synthesis gas is incomplete; H, output reaches 38% of equilibrium levels and CO output is 65% of equilibrium.
At 25 MJ/kg CH,, the energy cost of synthesis gas production is 20.3 MJ/kg.
*
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The initial performance of the experimental reformer indicates that plasma reforming is a feasible technology; however, the H, output levels are clearly below the desired values. Numerical modeling of the reforming process indicates that the major factor inhibiting progress towards equilibrium H, levels is heat loss in the water-cooled reactor. Major improvements in final H, concentration and energy cost of the output fuel are expected to be realized by reducing reactor losses.
